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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re Application of 
TATSUZO ISHIDA ET AL. 
Application No. Not Assigned 
Filed: Herewith 

For: APPARATUS AND METHOD 
FOR JOINT MECHANISM, 
JOINT APPARATUS, AND 
ROBOT DEVICE AND 
CONTROL METHOD 
THEREOF 



Group Art Unit: Unknown 

Examiner: Unknown 

PRELIMINARY AMENDMENT 

2001 Ferry Bldg. 

San Francisco, C A 94111 

Ph.: 415-433-4150 



Box PCT 

Assistant Commissioner for Patents 
Washington, D.C. 20231 

Sir: 

Prior to examination of the above-identified application, please enter 
the following amendments: 
In the Specification 

Page 1, line 19, please change "Fig. 4 is a fi-ont view and a side view" 
to —Figs. 4(a) and 4(b) are a front view and a side view respectively, 
showing—; 
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PATENT 



Page 7, line 21, please change "Fig. 5 is a front view and an oblique 
view" to —Figs. 5(a) and 5(b) are a front view and an oblique view, 
respectively, showing--; 

Page 7, line 23, please change "Fig. 6 is a side view, a front view, 
and a side view" to -Figs. 6(a), 6(b) and 6(c) are a side view, a front view, 
and a side view, respectively—; 

Page 7, line 23, please change "Fig. 6 is a side view, a front view, 
and a side view" to -Figs. 6(a), 6(b) and 6(c) are a side view, a front view, 
and a side view, respectively--; 

Page 8, line 7, please change "Fig. 10 shows" to —Figs. 10(a), 10(b) 
and 10(c) show—; 

Page 8, line 11, please change "Fig. 12 shows" to -Figs. 12(a), 12(b) 
and 12(c) show—; 

Page 8, line 13, please change "Fig. 13 shows" to -Figs. 13(a), 13(b) 
and 13(c) show—; 

Page 8, line 20, please change "Fig. 16 is a plan view" to -Figs. 16(a) 
and 16(b) are plans views—; 

REMARKS 

The amendments to the specification and drawings are to conform the 
drawings to the specification, to conform the specification to the drawings 
and/or correct typographical errors. It is respectfully submitted that such 
amendments are supported by the specification, claims, abstract of the 
disclosure and the drawings. 

The Examiner's early examination and consideration are respectfully 
requested. 



Respectfully submitted, 
LIMBACH & LIMBACH L.L.P. 



By: 

Mayiiini Maeda 
Reg. No. 40,075 

September 22, 2000 
Our File: TNAB-T0158 
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DESCRIPTION 



APPARATUS AND METHOD FOR JOINT MECHANISM, JOINT APPARATUS, AND 
ROBOT DEVICE AND CONTROL METHOD THEREOF 



Technical Field 

The present invention relates to the joint mechanism control 
apparatus and method, the joint apparatus, the robot device and 
the method for controlling the robot device, and can be 
appropriately applied to, for example, a two-leg walking robot. 



Background Art 

Conventionally, a two-leg walking robot is designed by 
connecting a pair of leg units to a belly unit through a thigh 
joint mechanism. Each leg unit is formed by connecting a thigh 
unit to a lower leg unit through a knee joint mechanism, and by 
connecting a foot unit to the lower leg unit through an ankle 
joint mechanism. 

This two-leg walking robot has an actuator (normally an AC 
(Alternating Current) serve-motor hereinafter referred to as a 
motor) incorporated for a necessary free level for each joint 
mechanism. Each motor of each joint mechanism can be individually 
driven and controlled such that each leg unit can be driven in a 
predetermined pattern, thereby performing a walking operation as a 
complete robot. 
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In the above described two-leg walking robot, various sensors 
such as a pressure sensor, a tilt angle sensor, an acceleration 
sensor, a micro switch, etc. are provided at an ankle joint 
mechanism or a foot unit. The two-leg walking robot is designed 
to stably walk even on the unleveled ground with tilt or 
convexity/concavity by controlling the direction of the foot units 
such that the reverse surfaces of the foot units can always follow 
the surface of the walkway based on the outputs from the above 
described sensors in the walking operation. 

However, when such a sensor is actually provided for the 
ankle joint mechanism and the leg unit, the total weight of an 
entire robot increases by the weight of the sensor. In addition, 
wiring is required to electrically connect the sensors with a 
control system in the robot, thereby causing the problem of a 
complicated configuration of the entire robot. Furthermore, if a 
sensor is mounted, it is necessary to process sensor information 
using software in a control system in the robot, thereby 
complicating the walking control. 

With the conventional 2-leg walking robot, for example, as 
shown in Fig. 23, a main control unit 1 for controlling the 
operations of the entire robot is connected to each motor 3 (3-1 
through 3-n) through a multi-axis controller 2, and the multi-axis 
controller 2 controls each motor 3 in each specific state at a 
control instruction output from the main control unit 1. 



In the above described two-leg walking robot, three rotation 
drive cables (U phase, V phase, and W phase) , four rotation 
position sensor cables (A phase, B phase, and Z phase) , and one 
ABS position serial signal cable, that is, a total of seven cables 
4, are required, thereby causing the problem of a complicate 
configuration containing a larger number of wires for the entire 
robot . 

Disclosure of the Invention 

The present invention has been developed to solve the above 
described problems, and aims at providing an apparatus and a 
method for controlling the joint mechanism capable of simplifying 
the configuration, a joint apparatus and a robot device and a 
control method thereof. 

To solve the above described problem, the joint mechanism 
control device according to the present invention includes: 
electric current detection means for detecting an electric current 
value of the drive current of an actuator for driving a joint 
mechanism; and external force torque detection means for detecting 
the level of the torque by an external force applied to the output 
axis of the actuator based on the electric current value detected 
by the electric current detection unit. 

As a result, according to the control device, the external 
force applied to the first or the second link can be obtained 
without any sensor, etc. Thus, a sensor, etc. for directly 
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measuring the external force can be omitted, thereby realizing a 
joint mechanism control device with a simple entire configuration. 

In addition, the method of controlling the joint mechanism 
according to the present invention includes: a first step of 
detecting an electric current value of the drive current of the 
actuator for driving a joint mechanism; and a second step of 
detecting the level of the torque by an external force applied to 
the output axis of the actuator based on the detected electric 
current value. 

As a result, in the control method, the external force 
applied to the first or the second link can be obtained without a 
sensor, etc. Thus, a sensor, etc. for directly measuring the 
external force can be omitted, thereby realizing a joint mechanism 
control device with a simple entire configuration of the joint 
mechanism. 

Furthermore, the robot device according to the present 
invention includes: electric current detection means for detecting 
an electric current value of the drive current of an actuator of a 
joint mechanism; and external force torque detection means for 
detecting the level of the torque by an external force applied to 
the output axis of the actuator based on the electric current 
value detected by the electric current detection unit. 

As a result, according to the robot device, the external 
force applied to the first or the second component can be obtained 
without a sensor, etc. Thus, a sensor, etc. for directly 
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measuring the external force can be omitted, thereby realizing a- 
robot device with a simple entire configuration. 

Furthermore, the robot device control method according to the 
present invention includes: a first step of detecting an electric 
current value of the drive current of the actuator; and a second 
step of detecting the level of the torque by an external force 
applied to the output axis of the actuator based on the detected 
electric current value. 

As a result, in the robot device control method, the external 
force applied to the first or the second component can be obtained 
without any sensor, etc. As a result, a sensor, etc. for directly 
measuring the external force can be omitted, thereby realizing a 
robot device control method with a simple entire configuration of 
the robot device. 

Furthermore, according to the present invention, the two-leg 
walking robot device includes: an actuator, provided at the ankle 
joint mechanism, for generating the rotation torque at a level 
depending on a drive current; an electric current detection unit 
for detecting the electric current value of the drive current of 
the actuator; an external force torque detection unit for 
detecting the level of the torque generated by an external force 
by the output axis of the actuator based on the electric current 
value detected by the electric current detection unit; and a 
control unit for controlling the actuator based on the detection 
result of the external force torque detection unit such that the 
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torque generated by the external force provided for the output 
axis of the actuator can be removed. 

As a result, the robot device realizes walking without a 
sensor, etc. with good balance on the unleveled ground, thereby 
realizing a robot device with a simple entire configuration. 

In addition, according to the present invention, the method 
of controlling a two-leg walking robot device includes: a first 
step of detecting the electric current value of the drive current 
of an actuator, provided at the ankle joint mechanism, for 
generating the rotation torque at a level depending on a drive 
current; a second step of detecting the level of the torque 
generated by an external force by the output axis of the actuator 
based on the detected electric current value; and a third step of 
controlling the actuator based on the detection result obtained in 
the second step such that the torque generated by the external 
force provided for the output axis of the actuator can be reduced. 

As a result, the method realizes a robot device walking 
without a sensor, etc. with good balance on the unleveled ground, 
thereby realizing a method of controlling a robot device with a 
simple entire configuration. 

Furthermore, according to the present invention, the joint 
device includes a motor unit for generating the rotation torque 
for the actuator; and motor control means, provided in the motor 
unit, for controlling the drive of the motor unit. 



As a result/ the joint device can largely reduce the number 
of wires between the actuator and the external devices, thereby 
realizing a simple configuration of the joint device. 

Furthermore, according to the present invention, the robot 
device includes a motor unit for generating the rotation torque 
for the actuator which drives a joint mechanism; and motor control 
means, provided in the motor unit, for controlling the drive of 
the motor unit. 

As a result, the robot device can considerably reduce the 
number of wires connected to each actuator of a joint mechanism, 
thereby realizing a robot device with a simple configuration. 

Brief Description of the Drawings 

Fig. 1 is an oblique view of the configuration of the two-leg 
robot according to the embodiment of the present invention. 

Fig. 2 is an oblique view of the configuration of the two-leg 
robot according to the embodiment of the present invention. 

Fig. 3 shows the concept about the configuration of the two- 
leg robot according to the embodiment of the present invention. 

Fig. 4 is a front view and a side view showing the 
configuration of the thigh joint mechanism. 

Fig. 5 is a front view and an oblique view showing the 
configuration of the thigh joint mechanism. 

Fig. 6 is a side view, a front view, and a side view showing 
the configuration of the ankle joint mechanism. 
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Fig. 7 is a block diagram showing the internal configuration 
of the two-leg walking robot shown in Fig. 1. 

Fig. 8 is a block diagram showing the electrical connection 
between the sub-control unit and each motor. 

Fig. 9 is a sectional view showing the configuration of each 
motor . 

Fig. 10 shows the outline of the configuration of the rotor 
and the rotor axis magnetic pole angle sensor. 

Fig. 11 is a partial sectional view showing the positional 
relationship between a rotor and a stator iron core. 

Fig. 12 shows the outline of the configuration of a stator 
and a power substrate. 

Fig. 13 shows the outline of the configuration of a torque 
amplification unit. 

Fig. 14 shows the waveform for explanation of the 
magnetization pattern of a resin magnet of one-turn absolute angle 
sensor. 

Fig. 15 shows the waveform for explanation of the first and 
the second one-turn absolute angle sensor signals. 

Fig. 16 is a plan view showing the outline of the 
configuration of the control substrate. 

Fig. 17 is a block diagram of the configuration of the 
control substrate. 

Fig. 18 is a block diagram of the configuration of the power 
substrate . 
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Fig. 19 is a block diagram of the configuration of a one-chip 
microcomputer . 

Fig. 20 is a block diagram showing the operations process of 
the CPU in the motor rotation control process mode. 

Fig. 21 is a block diagram of the procedure of the rotor axis 
magnetic pole rotation number detecting process. 

Fig. 22 is a flowchart showing the unleveled ground walking 
control procedure. 

Fig. 23 is a block diagram showing the connection 
relationship between each motor and the main control unit of the 
conventional robot. 

Best Mode for Carrying Out the Invention 

An embodiment of the present invention will be described 
below by referring to the attached drawings. 
(1) Entire Configuration of the Robot according to the 
Embodiments 

In Figs. 1 and 2, a robot 10 indicates a two-leg walking 
robot according to the embodiments. A head unit 12 is positioned 
above a belly unit 11. Arm units 13A and 13B are positioned as 
having the same configurations at each side of the belly unit 11. 
Leg units 14A and 14B are positioned as having the same 
configurations at each lower side of the belly unit 11. 

The belly unit 11 is designed by connecting a frame 20 
forming the upper portion of a trunk to a hip base 21 forming the 
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lower portion of the trunk through a knee joint mechanism 22. The 
upper portion of the trunk of the belly unit 11 can independent 
rotate, by driving motors M-1 and M-2 of the knee joint mechanism 
22 fixed to the hip base 21 at the lower portion of the belly unit, 
on a roll axis 23 and a pitch axis 24 which are orthogonal to each 
other as shown in Fig. 3 

The head unit 12 is mounted on the center of a shoulder base 
25 fixed on the top of the frame 20 through a neck joint mechanism 
26, and can independently rotate, by driving each of the motors M- 
3 and M-4 of the neck joint mechanism 26, on a pitch axis 27 and a 
yaw axis 2 8 which are orthogonal to each other as shown in Fig. 3. 

Each of the arm units 13A and 13B is mounted on the left or 
the right of the shoulder base 25 through a shoulder joint 
mechanism 29, and can independently rotate, by driving each of the 
motors M-5 and M-5 of the shoulder joint mechanism 29, on a pitch 
axis 30 and a roll axis 31 which are orthogonal to each other as 
shown in Fig. 3. 

In this case, in each of the arm units 13A and 13B, a motor 
M-8 forming each fore arm unit is connected to the output axis of 
a motor M-7 through an elbow joint mechanism 32, and a hand unit 
33 is attached to the tip of the forearm. 

In each of the arm units 13A and 13B, the forearm unit 
rotates on a yaw axis 34 shown in Fig. 3 by driving the motor M-7, 
and the forearm unit rotates on a pitch axis 35 shown in Fig. 3 by 
driving the motor M-8. 
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On the other hand, each of the leg units 14A and 14B is 
mounted to the hip base 21 below the belly unit through a thigh 
joint mechanism 36, and can independently rotate on a yaw axis 37, 
a roll axis 38 and a pitch axis 39 orthogonal to each other as 
shown in Fig. 3 by driving each of the motors M-9 through M-11 of 
the corresponding thigh joint mechanism 36. 

In this case, in each of the leg units 14A and 14B, a frame 
42 forming a lower leg unit is connected to the lower end of a 
frame 40 forming a thigh unit through a knee joint mechanism 41, 
and a foot unit 44 is connected to the lower end of the frame 42 
through an ankle joint mechanism 43. 

Thus, in each of the leg units 14A and 14B, the lower leg 
unit can rotate on a pitch axis 45 shown in Fig. 3 by driving a 
motor M-12 forming part of the knee joint mechanism 41, and the 
foot unit 44 can independently rotate on the pitch axis 45 and a 
roll axis 46 orthogonal to each other as shown in Fig. 3 by 
driving motors M-13 and M-14 of the ankle joint mechanism 43 
respectively. 

Figs. 4 and 5 show the configuration of the thigh joint 
mechanism 3 6 of the robot 10, and Fig. 6 shows the configuration 
of the ankle joint mechanism 43. 

As shown in Figs. 4 and 5, the motor M-9 is fixed to the hip 
base 21 at the lower portion of the belly unit in the thigh joint 
mechanism 36. The output axis of the motor M-10 is connected to 
the output axis of the motor M-9 through a U-shaped connection 
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material 50, and a U-shaped material 51 is fixed to the side of 
the motor M-10. 

In addition, a joint mechanism pulley 52 is connected to the 
U-shaped material 51 as freely rotating thereon, and the frame 40 
forming part of the thigh unit in the leg units 14A and 14B is 
provided with one upper end of the U-shaped material 51 fixed to 
the joint mechanism pulley 52, and the other end attached to the 
U-shaped material 51 as freely rotating thereon. 

The motor M-11 of the thigh joint mechanism 36 is fixed to 
the frame 40, and a pulley 53 attached to the output axis of the 
motor M-11 is connected to the joint mechanism pulley 52 through a 
timing belt 54 . 

Thus, in the thigh joint mechanism 36, the corresponding leg 
units 14A and 14B can independently rotate on the yaw axis 37, the 
roll axis 38, and the pitch axis 39 by driving each of the motors 
M-9 through M-11. 

In this embodiment, the yaw axis 37 passing through the 
center of the output axis of the motor M-9 of the thigh joint 
mechanism 36, the roll axis 38 passing through the center of the 
output axis of the motor M-10, and the pitch axis 39 passing 
through the rotation center of the frame 40 are positioned such 
that they can cross at one point in the space. 

In the ankle joint mechanism 43, as shown in Fig. 6, the 
output axis of the motor M-14 is fixed to a U-shaped connection 
material 60 fixed to the foot unit 44. A joint mechanism pulley 
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62 is fixed to the side of the motor M-14 through a U-shaped 
material 61. 

The frame 42 forming part of the lower leg unit of the above 
described leg units 14A and 14B is mounted with one lower end 
connected to the center of the joint mechanism pulley 62 as freely 
rotating, and with the other lower end connected to the side of 
the U-shaped connection material 61 as freely rotating. 

In addition, the motor M-13 is fixed to the frame 42, a 
pulley 63 is fixed to the output axis of the motor M-13, and the 
pulley 63 and the joint mechanism pulley 62 are connected with 
each other through a timing belt 64, 

Thus, in the ankle joint mechanism 43, the foot unit 44 can 
independently rotate on the roll axis 45 and the pitch axis 4 6 by 
driving each of the motors M-13 and M-14. 

On the other hand, in the robot 10, a control unit 72 is 
provided as storing in a box a main control unit 70 for 
controlling the entire operation of the robot 10, a peripheral 
circuit 71 such as a power supply circuit, a communications 
circuit, etc., a battery not shown in the attached drawings, and 
so forth on the back of the hip base 21 forming the lower part of 
the belly unit 11 as shown in Fig. 7. 

The control unit 72 is connected to each of sub-control units 
73A through 73D provided in each configuration unit (the belly 
unit 11, the head unit 12, each of the arm units 13A and 13B, and 
each of the leg units 14A and 14B) so that a necessary power 



-13- 



supply voltage can be provided for the sub-control units 73A 
through 73D and the control unit 72 can communicate with the sub- 
control units 73A through 73D. 

In addition, the sub-control units 73A through 73D are 
connected in parallel to the motors M-1 through M-14 in the 
corresponding configuration unit as shown in Fig. 8 through two 
drive voltage supply cables 80, two control voltage supply cables 
81, and one simultaneous clock supply cable 82, and are connected 
to each control substrate stored in each of the motors M-1 through 
M-14 in the daisy-chain system through two serial communications 
cables 83. Further, Fig. 8 shows the connection between the sub- 
control unit 74D in each of the leg units 14A and 14B and each of 
the motors M-9 through M-14. 

At this time, the main control unit 70 stores, as the 
rotation angle of the output axis of each of the motors M-1 
through M-14, the form in each state of the robot 10 such as 
'standing state,' 'sitting state,' etc., and the forms in time 
series at predetermined time intervals (for example, 0.5 second to 
be hereinafter referred to as a first time interval) when the 
robot 10 is changing its state, and when the robot 10 performs a 
predetermined operation such as a walking operation, etc. 

When the main control unit 70 makes the robot 10 change its 
state, perform an operation, ■ etc . , it switches in time series for 
each of the first time interval the rotation angle of the output 
axis of the motors M-1 through M-14 in each of the stored forms in 
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series, and then transmits the result to the corresponding sub- 
control units 74A through 74D. 

On the other hand, each of the sub-control units 74A through 
74D provides a power supply voltage for driving a motor and a 
control voltage for each of the corresponding motors M-1 through 
M-14 based on the power supply voltage supplied by the control 
unit 72 respectively through the drive voltage supply cable 8 0 and 
the control voltage supply cable 81. 

Each of the sub-control units 74A through 74D computes the 
rotation angle, the rotation speed, or the rotation torque of each 
of the corresponding motors M-1 through M-14 at each timing (1 
[ms] interval in this example) when the first time interval is 
equally divided into n (n is an integer equal to or larger than 2) 
from the rotation angle of each of the motors M-1 through M-14 
assigned as described above at the first time interval from the 
main control unit 7 0, and controls each of the motors M-1 through 
M-14 based on the computation result. 

As described above, in the robot 10, the drive of the motors 
M-1 through M-14 is controlled such that the form of the robot 10 
being operated can sequentially match each of a time series of 
forms stored in the main control unit 70, and that various 
operations can be performed with predetermined movement or changed 
into various states. 

(2) Configuration of Motors M-1 through M-14 

(2-1) Entire configuration of motors M-1 through M-14 
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Described below is the configuration of each of the motors M- 
1 through M-14 used in the robot 10. Each of the motors M-1 
through M-14 of the robot 10 comprises, as shown in Fig. 9, a 
motor unit 90 for generating the rotation torque, and a torque 
amplification unit 91 for amplifying the rotation torque generated 
by the motor unit 90 and outputting the amplified torque 91. 

In this case, in the motor unit 90, a rotor axis 94 is 
provided and supported as freely rotating on rotation bearings 93A 
and 93B in a motor case 92. A rotor 97 is formed by designing the 
rotor axis 94 sharing the same axis with a rotor base unit 95, and 
a ring-shaped rotor magnet 96 magnetized to four poles as shown in 
Figs. 10 (B) and 10 (C) . 

In the motor case 92, as shown in Figs. 8 and 9A, six stater 
iron cores 98A through 98F are fixed at equal intervals (60 [°] 
intervals) as surrounding the rotor 97, and each of the stator 
iron cores 98A through 98F is wired to form coils 99A through 99F. 

In the motor unit 90, two 180 [°] opposing coils 99A and 99D, 
99B and 99E, and 99C and 99F (three sets in all) are respectively 
set as a U phase, a V phase, and a W phase. The rotor 97 can be 
rotation-driven by applying to each of the coils 99A through 99F 
in the U phase, the V phase, and the W phase a drive current with 
the phase 120 [°] shifted from each other, thereby generating the 
rotation torque. 

On the other hand, the torque amplifier 91 has a gear case 
100 fixed at the end of the motor case 92 as freely removable as 
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shown in Fig. 9 and Figs. 13A through 13C. The gear case 100 
contains a circular internal gear 101, a sun gear 102 fixed at the 
end of the rotor axis 94, and a planet gear mechanism 104 
comprising the first through the third planet gears 103A through 
103C arranged at 120 [°1 intervals between the internal gear 101 
and the sun gear 102. 

At this time, in the torque amplification unit 91, each of 
axes 105A through 105C of the first through the third planet gears 
103A through 103C in the planet gear mechanism 104 is fixed to an 
output axis 106 arranged as freely rotating at the end of the gear 
case ICQ. With the configuration, the rotation torque provided 
from the motor unit 90 through the rotor axis 94 is transmitted to 
the output axis 106 through the planet gear mechanism 104, and 
then externally output through the output axis 106. 

The torque amplification unit 91 also comprises a one-turn 
absolute angle sensor 109 comprising a circular resin magnet 107 
fixed to the output axis 106, and the first and second hole 
elements 108A and 108B fixed to the surface of the gear case 100 
such that they can face the surface of the resin magnet 107. 

In this case, the resin magnet 107 is magnetized such that 
the magnetic flux density (j)(9g) can be changed for two poles and a 
round as shown in Fig. 14, and is fixed to the output axis 106 as 
shown in Fig. 13(A) . In addition, the first and second hole 
elements 108A and 108B are fixed to the surface of the gear case 
100 with the phase difference of 90 [°] as shown in Fig. 13(B). 
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Thus, the one-turn absolute angle sensor 109 detects the 
rotation angle of the output axis 106 as a change of the magnetic 
flux density (|) (Gg) at the arrangement position of the first and 
second hole elements 108A and 108B associated with the rotation of 
the output axis 106, and the detection result can be output as 
first and second one-turn absolute angle sensor signal SIA and SIB 
of a waveform provided by sin Og) and cos (Gg) as shown in Fig. 
15 from the first and second hole elements 108A and 108B. 

In addition to the above described configuration, the motor 
case 92 of the motor unit 90 contains the rotor axis magnetic pole 
angle sensor 100 for detecting the magnetic pole angle of the 
rotor axis 94, a control substrate 111 for controlling the , 
rotation angle, the rotation speed, and the rotation torque, etc. 
of the output axis 94 according to the control command from the 
corresponding sub-control units 74A through 74D, and a power 
substrate 112 for supplying a drive current for each of the coils 
99A through 99F of the motor unit 90 under the control of the 
control substrate 111. 

A rotor axis magnetic pole angle sensor 110 comprises a resin 
magnet 113 fixed to the front end of the rotor base unit 95 of the 
rotor 97, and the first through fourth hole elements 114A through 
114D mounted onto the control substrate 111. The resin magnet 113 
is magnetized for the four poles as the rotor magnet 96 of the 
rotor 97 as shown in Figs. 10(B) and 10(C), and is fixed to the 
rotor base unit 95 with the same phase as the rotor magnet 96. 
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The first through fourth hole elements 114A through 114D are 
mounted onto the control substrate 111 such that the first and 
second hole elements 114A and 114B face each other at 180 [°] on 
the concentric circle with the rotor axis 94, and the third and 
fourth hole elements 114C and 114D are positioned with the phase 
shifted by 45 [°] in the same direction as the first and the 
second hole elements 114A and 114B as shown in Fig. 16(B) . 

Thus, in the rotor axis rotation angle sensor 110, the 
magnetic pole angle of the rotor axis 94 can be detected as a 
change of the magnetic flux density with the arrangement of the 
first through fourth hole elements 114A through 114D associated 
with the rotation of the resin magnet 113 rotating with the rotor 
axis 94. 

The magnetic pole angle of the rotor axis 94 refers to the 
angle obtained by multiplying the mechanical rotation angle of the 
rotor axis 94 by the half number of the magnetic poles of the 
rotor magnet 96. In this embodiment, since the rotor magnet 96 is 
magnetized for four poles, the magnetic angle ranges from 0 to 2n. 

On the other hand, the control substrate 111 is configured by 
loading a one-chip microcomputer 115 and a crystal oscillator 116 
for generation of a CPU clock onto one side of a print wiring 
board, and by loading the first through fourth hole elements 114A 
through 114D of the above described rotor axis rotation angle 
sensor 110 and a temperature sensor 117 onto the other side as 
shown in Figs. 9, 10(A), 16, and 17. 
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As shown in Fig. 17, the control substrate 111 adds up the 
outputs from the first and the second hole elements 114A and 114B 
and the outputs from the third and fourth hole elements 114C and 
114D of the rotor axis magnetic pole angle sensor 110 through 
first and second subtraction circuits 118A and 118B, fetches them 
as first and second rotor axis magnetic pole angle sensor signals 
S2A and S2B into the one-chip microcomputer 115, and fetches first 
and second 1-turn absolute angle sensor signals SIA and SIB 
provided from the one-turn absolute angle sensor 109 (Figs. 9 and 
13(C)) through a cable 119 (Fig. 9) into the one-chip 
microcomputer 115. 

The control substrate 111 is connected to the corresponding 
sub-control units 74A through 74D (Fig. 8) through two control 
power supply lines and two drive power supply lines contained in a 
second cable 120. Thus, the one-chip microcomputer 115 can fetch 
each type of power supply voltage through the second cable 120, 
and communicate with the corresponding sub-control units 74A 
through 7 4D. 

The one-chip microcomputer 115 computes the value 
(hereinafter referred to as first through third electric current 
comnand values) of the drive current to be applied to each of the 
coils 99A through 99F in the U, V, and W phases according to the 
specified values (hereinafter referred to a specified rotation 
angle, a specified rotation speed, and a specified rotation 
torque) of the rotation angle, the rotation speed, and the 
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rotation torque of the output axis 106 (Fig. 9) provided from the 
sub-control units 74A through 74D through the second cable 120 for 
1 [ms] ; the first and second 1-turn absolute angle sensor signals 
SIA and SIB; the first and second rotor axis magnetic pole angle 
sensor signals S2A and S2B; and first through third drive current 
detection signals S3A through S3C provided from the power 
substrate 112 as described later, and then outputs the computed 
first through third electric current command values to the power 
substrate 112 through a third cable 121. 

The power substrate 112 is configured by mounting a plurality 
of power transistor chips 123 forming a coil drive block 122 shown 
in Fig. 18 on one side of the circular printed substrate as shown 
in Figs. 9, 12(B), and 12(C). 

The coil drive block 122 rotation-drives the rotor 97 of the 
motor unit 90 by applying the drive current, whose level depends 
on the corresponding the first through third electric current 
command values, to each of the coils 99A through 99F in the U, V, 
and W phases of the motor unit 90 based on the first through third 
electric current command values provided from the one-chip 
microcoinputer 115 of the control substrate 111. 

At this time, the coil drive block 122 detects the level of 
the drive current applied to each of the coils 99A through 99F in 
the U, V, and W phases, and transmits the detection results to the 
control substrate 111 through the third cable 121 (Fig. 9) as the 
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first through third drive current detection signals S3A through 
S3C. 

Thus, the motors M-1 through M-14 are designed to drive the 
motor unit 90 based on the specified rotation angle, the specified 
rotation speed, or the specified rotation torque provided from the 
sub-control units 74A through 74D through the control circuit 
comprising the one-chip microcomputer 115 of the control substrate 
111 and the coil drive block 122 of the power substrate 112. 
(2-2) Configurations of the one-chip microcomputer 115 and the 
coil drive block 122 

The one-chip microcomputer 115 comprises, as shown in Fig, 19, 
an arithmetic operations block 128, a register 129, a rotor axis 
rotation angle detecting block 130, a torque-3-phase electric 
current signal converting block 131, an electric current 
controlling block 132, and first through fourth analog/digital 
conversion circuits 133 through 136. 

The one-chip microcomputer 45 digital-converts in the first 
analog/digital conversion circuit 133 the first through third 
drive current detection signals S3A through S3C provided from the 
power substrate 112, and provides obtained first through third 
drive current detection data D3A and D3B for the electric current 
controlling block 132, and stores the first through third drive 
current detection data D3A and D3B in the register 129. 

In addition, the one-chip microcomputer 115 digital-converts 
in a third analog/digital conversion circuit 135 the first and 
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second 1-turn absolute angle sensor signals SIA and SIB provided 
from the one-turn absolute angle sensor 109 (Figs. 9 and 13(C)), 
and stores the obtained first and second 1-turn absolute angle 
sensor data DlA and DIB in the register 129. 

Furthermore, the one-chip microcomputer 115 digital-converts 
in a second analog/digital conversion circuit 134 the first and 
second rotor axis magnetic pole angle sensor signals S2A and S2B 
based on the output from the rotor axis magnetic pole angle sensor 
110 provided from the first and second subtraction circuits 118A 
and 118B (Fig. 17) , and inputs the obtained first and second rotor 
axis magnetic pole angle sensor data D2A and D2B to the rotor axis 
rotation angle detecting block 130. 

The rotor axis rotation angle detecting block 130 detects a 
magnetic pole rotation angle (hereinafter referred to as a rotor 
axis magnetic pole rotation angle) P^^ of a rotor axis 24, and a 
magnetic pole angle 0p according to the provided first and second 
rotor axis magnetic pole angle sensor data D2A and D2B, stores the 
rotor axis rotation angle P„i in the register 129, and transmits 
the magnetic pole angle 0p to the torque-3-phase electric current 
signal converting block 131. 

The magnetic pole rotation angle of the rotor axis 94 (rotor 
axis magnetic pole rotation angle P^:^) refers to the angle at which 
a change in the magnetic poles in a pair of the adjacent N and S 
poles of the resin magnet 113 detected by the first through fourth 
hole elements 114A through 114D with the rotation of the rotor 
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axis 94 can be defined as one cycle (0 through 27z) . Since the 
resin magnet 113 is magnetized for four poles in the present 
embodiment, the rotor axis magnetic pole rotation angle P^^ ranges 
from 0 to 471. 

The arithmetic operations block 128 obtains a target rotation 
torque Tp according to the first and second 1-turn absolute angle 
sensor data DIA and DIB and the rotor axis magnetic pole rotation 
angle P„2 stored in the register 129, and the specified rotation 
angle, the specified rotation speed, or the specified rotation 
torque provided from the sub-control unit, and stores the 
operations result in the register 129. The target rotation torque 
Tf, is computed for 1 [ms] provided the specified rotation angle, 
the specified rotation speed, or the specified rotation torque 
from the sub-control unit. 

The target torque Tg is read from the register 129 one after 
another by the torque-3-phase electric current signal converting 
block 131. The torque-3-phase electric current signal converting 
block 131 computes the above described first through third 
electric current command values Ur, Vr, and Wr indicating the 
values of drive currents to be applied co each of the coils 99A 
through 99F in the U, V, and W phases in the motor unit 90 based 
on the target torque Tq, and the magnetic pole angle 0p of the 
rotor axis 94 provided from the rotor axis rotation angle 
detecting block 130, and transmits the computation results to the 
electric current controlling block 132. 
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The electric current controlling block 132 performs a 
predetermined signal process containing a compensating process for 
a voltage change on the first through third electric current 
command values Ur, Vr, and Wr based on the first through third 
electric current command values Ur, Vr, and Wr provided from the 
torque-3-phase electric current signal converting block 131, and 
the first through third drive current detection data D3A through 
D3C provided from the first analog/digital conversion circuit 133. 
Then, the electric current controlling block 132 PWM (Pulse Width 
Modulation) modulates the result, and transmits the obtained first 
through third PWM signals S4A through S4C to the coil drive block 
121 of the power substrate 112 through the third cable 121. 

The third cable 121 is provided with two lines for each of 
the first through third PWM signals S4A through S4C. When the 
output axis 106 (Fig. 9) is driven for normal rotation, the 
electric current controlling block 132 transmits the first through 
third PWM signals S4A through S4C to the coil drive block 122 of 
the power substrate 112 through a first line, and transmits logic 
'0' level signals (hereinafter referred to as first through third 
reference signals) S5A through S5C in the first through third PWM 
signals S4A through S4C to the coil drive block 122 of the power 
substrate 112 through a second line. 

When the output axis 106 is driven for inverse rotation, the 
electric current controlling block 132 transmits the first through 
third PWM signals S4A through S4C to the coil drive block 122 of 
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the power substrate 112 through the second line, and transmits th 
first through third reference signals S5A through S5C to the coil 
drive block 122 of the power substrate 112 through the first line 

On the other hand, as shown in Fig. 18, the coil drive block 
122 contains, corresponding to the coils 99A through 99F in the U 
V, and W phases, first through third gate drive circuits 139A 
through 139C having the same configurations each containing four 
amplifiers 138A through 138C, and first through third inverter 
circuits 140A through 140C having the same configurations each 
comprising two PNP-type transistors TRl and TR2 and two NPN-type 
transistors TR3 and TR4 . 

In the coil drive block 122, the first line of each of the U, 
V, and W phases is connected to the bases of the second PNP-type 
transistor TR2 and the first NPN-type transistor TR3 of the first 
through third inverter circuits 140A through 140C through the 
first and third amplifiers 138A and 138C of the corresponding 
first through third gate drive circuits 139A through 139C. The 
second line of each of the U, V, and W phases is connected to the 
bases of the second PNP-type transistor TR2 and the first NPN-type 
transistor TR4 of the first through third inverter circuits 140A 
through 140C through the second and fourth amplifiers 138B and 
138D of the corresponding first through third gate drive circuits 
140A through 140C. 

In the coil drive block 122, each of the coils 99A through 
99F in the U, V, and W phases in the motor unit 90 is connected 



between the central point of the connection between the collector 
of the first PNP-type transistor TRl and the collector of the 
first NPN-type transistor TR3 in the first through third inverter 
circuits 140A through 140C, and the central point of the 
connection between the collector of the second PNP-type transistor 
TR2 and the second NPN-type transistor TR4 . 

In the coil drive block 122, the first through third PWM 
signals S4A through S4C provided through the first or the second 
line are converted into drive currents 1^, Iv/ and I„ in an analog 
waveform in the corresponding first through third inverter 
circuits 140A through 140C for each of the V, and W phases, and 
are applied to respective coils 99A through 99F in the 
corresponding U, V, and W phases. 

In the coil drive block 122, the levels of the drive currents 
I^, I^, and I„ provided for the coils 99A through 99F in the U, V, 
and W phases are detected by an electric current sensor 141 
comprising the coils provided in the first through third inverter 
circuits 140A through 140C, and the detection result is 
transmitted to the first analog/digital conversion circuit 133 
(Fig. 19) of the one-chip microcomputer 115 of the control 
substrate 111 as the above described first through third drive 
current detection signals S3A through S3C. 

The detailed configuration of the arithmetic operations block 
128 is described below by referring to Fig. 19. 
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The arithmetic operations block 128 comprises a CPU (Central 
Processing Unit) 148, a ROM (Read Only Memory) 149 storing various 
programs, a RAM (Random Access Memory) 150 as the work memory of 
the CPU 14 8, a serial communications input/output circuit 152 
which is an input/output interface circuit to and from the 
corresponding sub-control units 73A through 73D, a servo- 
interruption signal generation circuit 153 for generating a servo- 
interruption signal SIO of a 1 [ms] cycle for servo-interruption 
and a PWM pulse signal Sll of a 50 [\m] cycle which is a PWM cycle, 
and a watch dog signal generation circuit 154 for generating a 
watch dog signal S12 having a predetermined cycle longer than 1 
[ms] cycle for the CPU 148 detecting whether the servo- 
interruption signal SIO is correctly generated from the servo- 
interruption signal generation circuit 153. These components are 
interconnected through a CPU bus 155. 

When a control voltage (5 [V] ) is supplied by the 
corresponding sub-control units 73A through 73D, the CPU 148 first 
performs the initial processes for various initial values, 
parameter settings, etc. on the serial communications input/output 
circuit 152, the counter timer control circuit 153, the rotor axis 
rotation angle detecting block 130, the torque-3-phase electric 
current signal converting block 131, the electric current 
controlling block 132, etc. based on the initial program stored in 
the ROM 14 9. 



-2 8- 



Furthermore, based on the servo-interruption signal SIO 
provided from the counter timer control circuit 153 obtained as a 
result of the above described processes, and the corresponding 
program stored in the ROM 149, the CPU 148 executes a motor 
rotation control operations process for generating the above 
described target rotation torque Tq, a serial communications 
control process to and from the corresponding sub-control units 
73A through 73D on a 1 [ms] cycle in a time-divisional manner. 
(2-3) Software process 

In the arithmetic operations block 128, the CPU 148 executes 
the motor rotation control operations process, the serial 
communications control process, etc. on 1 [ms ] cycle in a time- 
divisional manner based on the servo-interruption signal SIO 
provided from the counter timer control circuit 153, and the 
corresponding program stored in the ROM 149. Described below is 
the process of the CPU 14 8 in the process mode for the above 
described operations. 

(2-3-1) Process of the CPU 148 in the motor rotation control 
operations process mode 

The process of the CPU 148 in the motor rotation control 
operations mode is performed to compute the target rotation torque 
To according to the designation of the value of the specified 
rotation position, the specified rotation speed, or the specified 
rotation torque assigned for l[ms] by the above described 
corresponding sub-control units 73A through 73D. 
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The CPU 148 computes the target rotation torque Tq by 
computing the rotation position of the output axis 94 (Fig, 9) 
based on the rotor axis magnetic pole rotation angle P^-^ stored in 
the register 129 by the rotor axis rotation angle detecting block 
130 when the specified rotation position F^^^ is provided from the 
corresponding sub-control units 73A through 73D, by computing the 
target rotation speed V^^^f for the specified rotation position P^^^ 
and the current rotation speed V„ of the output axis by computing 
the rotations using the rotation position Pj„ by the following 
Equations (1), and (2), and then by performing the following 
Equation (3) based on the above described Equations. 

Vmref = (Pref - Pm) x Kpp ... (1) 

Vm = Pm X S . . . ( 2 ) 



When the specified rotation speed Y^^^ is provided from the 
sub-control units 73A through 73D, the current rotation speed V„ of 
the output axis 94 is computed by the Equation (2), and the target 
rotation torque Tq is computed by performing the operation by the 
following Equation (4) based on the rotation speed V,^. 




(3) 
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TO = |[Vref - Vm] x ^1 + -^J| x Kvp ... (4) 

When the specified rotation torque T^-^f is provided from the sub- 
control units 73A through 73D, it is used as is as the target 
rotation torque Tq. 

In these Equations (1) through (4), S indicates a Laplace 
operator, Kpp, K^^^- and K^p indicates control gain parameters set by 
the sub-control unit. By changing the values of the control gain 
parameters Kpp, K^^, and K^p, the answers of the motors M-1 through 
M-14 in response to the specified rotation angle Pj-ef and the 
specified rotation speed V^^^ can be changed. 

Fig. 20 shows the practical process procedure of the CPU 148 
in the motor rotation control operations process mode. 

The CPU 148 computes the number of magnetic pole rotations 
(hereinafter referred to as the number of rotor axis magnetic pole 
rotations) of the rotor axis 94 based on the first and second 
absolute angle sensor data DIA and DIB stored in the register 129 
when the specified rotation angle P^-^f is provided from the sub- 
control units 73A through 73D (step SPl) . 

The number of rotor axis magnetic pole rotations is defined 
as the number or rotations each indicating a change of a magnetic 
flux at a pair of adjacent N and S poles of the resin magnet 113 
detected by the first through fourth hole elements 114A through 
114D of the rotor axis magnetic pole angle sensor 110 with the 
rotation of the rotor axis 94. According to the embodiment, since 
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the resin magnet 113 is magnetized for four magnetic poles, the 
number of rotor axis magnetic pole rotations N„ is 2 when the rotor 
axis 94 mechanically makes one turn. 

Then, the number of rotor axis magnetic pole rotations N„ can 
be obtained as follows. First, the phase 9g of the first and 
second 1-turn absolute angle sensor signals SIA and SIB 
respectively represented by sin 9g and cos 9g is computed 
according to the rotor axis magnetic pole rotation number 
detecting procedure shown in Fig. 21 in the software process based 
on the first and second absolute angle sensor data DIA and DIB 
stored in the register 41 (step SPIA) . The phase 0g is multiplied 
by the gear ratio N of a planet gear mechanism unit 16 of a torgue 
amplification unit 3 (step SPIB) . The multiplication result is 
divided by 2%, and the integer portion of the division result is 
multiplied by a half value Np of the number of magnetic poles (4 
according to the present embodiment) of the resin magnet 113 of 
the rotor axis magnetic pole angle sensor 110 (Fig. 9) (step SPIC) . 

In addition, the CPU 148 computes the rotation angle P^, of the 
output axis 106 by performing the operation by the following 
Equation (6) using the F^f^ obtained by the following Equation (5) 
as an initial value based on the number of rotor axis magnetic 
pole rotations computed as described above and the rotor axis 
magnetic pole rotation angle data P^^^ stored in the register 129 as 
shown in Fig. 2 0 (step SP2) . 
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PmO = 271 X Nm 



(5) 



Pm = PmO X Pitil . • • ( 6 ) 

Then, the CPU 148 detects the error P^ (hereinafter referred 
to as a rotation angle error) for the specified rotation angle P^-ef 
(step SP3} by subtracting this rotation angle from the specified 
rotation angle Pj-ef- 

Then, the CPU 14 8 computes the target rotation angle V^^^^ for 
the specified rotation angle P^-ef by multiplying the rotation angle 
error Pg by the proportion gain parameter Kpp (step SP4) . 

The CPU 148 then computes the rotation speed of the output 
axis 106 by differentiating the rotor axis magnetic pole rotation 
angle P^i stored in the register 129 (step SP5) , and computes the 
speed error Ve by subtracting the rotation speed computed in 
step SP5 from the target rotation speed V^^^^ computed in step SP4 
(step SP6) . 

Then, the CPU 148 sequentially multiplies the speed error Ve 
by the speed integration gain obtained by the following Equation 
(7) and the proportion gain K^^ (step SP7 and step SP8) . 



S 

Thus, the target rotation torque Tq can be obtained. 



-33- 



When the rotation speed V^^f is provided from the sub-control 
units 73A through 73D in the motor rotation control operation 
process mode, the CPU 148 starts the process from the step SP6, 
When the specified rotation torque T^^f is provided, it is stored 
in the register 129 as the target rotation torque Tq. 
(2-3-2) Process of CPU 148 in the serial communications process 
mode 

The CPU 148 communicates with the sub-control units 73A 
through 73D in the serial communication process mode, inputs a 
control command and a change parameter from the sub-control units 
73A through 73D, or transmits the internal monitor signal to the 
sub-control units 73A through 73D. 

(2-4) Relationship between coil drive current and output torque 

Described below is the relationship between the drive 
currents I^, I^, and I„ to be applied to each of the coils 99A 
through 99F in the U, V, and W phases of the motor unit 90 in the 
motors M-1 through M-14 with the above described configuration, 
and the rotation torque (hereinafter referred to as an output 
torque) to be externally output through the output axis 106. 

When the density of the crossing magnetic fluxes of each of 
the coils 99A through 99F in the U, V, and W phases obtained when 
the drive currents I^, I^, and I„ are applied to each of the coils 
99A through 99F in the U, V, and W phases is defined as (|)U, ^v, 
and (t)w, the output torque T (Op) is obtained by the following 
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Equation (8) using the magnetic pole angle 9p of the rotor axis 94 
of the motor unit 90. 



T(ep) = lu X (t)u X KO + Iv X (t)v X KO + Iw X (t)W X KO 



(8) 



In the Equation (8) above, KO indicates a constant 
coefficient obtained when the drive currents 1^/ Iv/ and I„ are 
applied to each of the coils 99A through 99F. 

The drive currents 1^, 1^/ and I„ to be applied to each of the 
coils 99A through 99F in the U, V, and W phases are controlled as 
shown by the following Equations (9), (10), and (11). 

lu = 10 X sin ep ... (9) 



Each of the magnetic flux density (|)u, ^v, and (j)w is computed 
as follows. 




(10) 




(11) 



(t)u = (|)0 X sin Gp 



(12) 
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(t)V = 



(j)0 X sin 




(13) 



(t)w = (J)0 X sin 9p 



(14) 



Accordingly, the output torque T (Gp) is obtained by 
substituting the Equations (9) through (14) in the Equation (8) as 
represented by the following Equation (15) . 



= 10 X (1)0 X Kl (where, Kl = 1.5K0) 

Therefore, in the motors M-1 through M-14, an output torque 
proportional to the level of the drive currents 1^, 1^/ and I„ to 
be applied to each of the coils 99A through 99F can be obtained. 
(3) Unleveled Ground Walking Control Process 

In addition to the above described configuration, the sub- 
control unit 73D of each of the leg units 14A and 14B of the robot 
10 is designed to perforin an unleveled ground walking control 
process for controlling each of the motors M-13 and M-14 of the 



T(ep) 

= 10 X (|)0 X KO{sin Gp X sin Gp 




(15) 
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ankle joint mechanism 43 such that the robot 10 can correctly walk 
while keeping balance even on the unleveled ground. 

In this case, the unleveled ground walking control process 
can be performed by controlling the rotation of each of the motors 
M-13 and M-14 of the ankle joint mechanism 43 to allow the reverse 
surface of the foot unit 44 on the walkway to follow the tilt or 
the convexity/concavity surface of the walkway (control the tilt 
of the foot unit based on the tilt or the convexity/concavity of 
the walkway) . The control can be performed by controlling the 
rotation of each of the motors M-13 and M-14 such that the 
external force applied to the output axis 106 (Fig. 9) of each of 
the motors M-13 and M-14 of the ankle joint mechanism 43 can be 
constantly ' 0 . ' 

In the sub-control unit 73D of each of the leg units 14A and 
14B, the above described unleveled ground walking control is 
performed on each of the motors M-13 and M-14 of the ankle joint 
mechanism 43 in the unleveled ground walking controlling procedure 
RTl shown in Fig. 22 each time a target rotation angle of each of 
the motors M-9 through M14 is provided from the main control unit 
7 0 (Fig. 7) at the first time intervals in the walking operation. 

That is, when the main control unit 70 provides a target 
rotation angle of each of the motors M-13 and M-14 of the ankle 
joint mechanism 43 for the sub-control unit 73D of each of the leg 
units 14A and 14B, the sub-control unit 73D starts the unleveled 
ground walking controlling procedure RTl in step SPIO, and then, 
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in step SPll, computes the specified rotation angle, the specified 
rotation speed, or the specified rotation torque of each of the 
motors M-13 and M-14 for 1 [ms] which is a control cycle of each 
of the motors M-13 and M-14 based on the target rotation angle of 
each of the motors M-13 and M-14 of the ankle joint mechanism 43 
preliminarily provided by the main control unit 70, and the target 
rotation angle of each of the motors M-13 and M-14 newly provided 
by the main control unit 70. 

Accordingly, when a target rotation angle of each of the 
motors M-13 and M-14 is provided from the main control unit 70 to 
the sub-control unit 73D every 0.5 second, the specified rotation 
angle, the specified rotation speed, or the specified rotation 
torque of each of the motors M-13 and M-14 for 1 [ms] is computed 
50 times in time series. 

In step SPll, the sub-control unit 73D resets to '0' the 
count value indicating the order (that is, the order of the 
specified rotation angle, the specified rotation speed, or the 
specified rotation torque in the 50 time series data) of the 
specified rotation angle, the specified rotation speed, or the 
specified rotation torque being counted in an internal counter. 

Then, in step SP12, the sub-control unit 73D increases the 
count value of the internal counter by 1. Then, control is passed 
to step SP13, and the specified rotation angle, the specified 
rotation speed, or the specified rotation torque corresponding to 
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the count value is transmitted to each of the motors M-13 and M-14 
of the ankle joint mechanism 43. 

At this time, the first through third drive current detection 
data D3A through D3C (Fig. 19) obtained by digital-converting the 
first through third drive current detection signals S3A through 
S3C (Fig. 18) output from the electric current sensor 71 (Fig. 18) 
of each of the coil drive blocks 140A through 140C (Fig. 18) of 
the power substrate 112 (Fig. 18) in the first analog/digital 
conversion circuit 133 of the one-chip microcomputer 115 (Fig. 19) 
is provided from the motors M-13 and M-14 to the sub-control unit 
73D through the communications with each of the motors M-13 and M- 
14 of the ankle joint mechanism 43. 

Thus, the sub-control unit 73D fetches the first through 
third drive current detection data D3A through D3C from each of 
the motors M-13 and M-14 in step SP14, then computes the output 
torque of each of the motors M-13 and M-14 of the ankle joint 
mechanism 43 based on the first through third drive current 
detection data- D3A through D3C in step SP15. 

Furthermore, in step SP16, the sub-control unit 73D computes ^ 
the torque (hereinafter referred to as an external force torque Tf) 
generated on the output axis 106 of each of the motors M-13 and M- 
14 by an external force by subtracting the preliminarily stored 
torque Tg generated by their weights when they are formed on the 
output axis 106 of each of the motors M-13 and M-14 from the 
output torque T^^. 
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In addition, in step SP17, the sub-control unit 73D 
determines for each of the motors M-13 and M-14 whether or not the 
computed value of the external force torque Tf is '0.' 

Obtaining an affirmative result in step SP17 indicates, for 
example, the foot unit 44 does not touch the ground or the reverse 
surface of the foot unit 44 touches the ground as following the 
tilt or the concavity/convexity of the walkway. At this time, the 
sub-control unit 74D returns to step SP12, and performs the 
processes in and after step SP2 for 1 [ms] . 

On the other hand, obtaining a negative result in step SP17 
indicates that the reverse surface of the foot unit 44 touches the 
ground as not following the tilt or the concavity/convexity of the 
walkway. At this time, the sub-control unit 74D amends the next 
specified rotation angle, the specified rotation speed, or the 
specified rotation torque to be supplied for each of the motors M- 
13 and M-14 in step SP18 such that the value of the external force 
torque Tf provided for the output axis 108 of the motors M-13 and 
M-14 can reach '0,' then returns to step SP12, and then performs 
the processes in and after step SP2 for 1 [ms] . 

Thus, the robot 10 can correctly walk while keeping good 
balance even on the unleveled ground by the sub-control unit 73D 
of each of the leg units 14A and 14B amending the specified 
rotation angle, the specified rotation speed, or the specified 
rotation torque to be supplied for the motors M-13 and M-14 of the 
ankle joint mechanism 43 as necessary. 
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(4) Operation and Effect of the Present Embodiment 

With the above described configuration, when the robot 10 is 
walking, the rotation of the motors M-13 and M-14 is controlled 
such that the external force torque Tf applied to the output axis 
106 of each of the motors M-13 and M-14 of the ankle joint 
mechanism 43 of each of the leg units 14A and 14B can be 
constantly ' 0 . ' 

Therefore, with this robot 10, the reverse surface of the 
foot unit 44 can follow even the unleveled ground having tilt and 
convexity/concavity, thereby realizing a walk with good balance. 
Thus, the robot 10 can omit various sensors for the conventional 
unleveled ground walking control. 

In addition, since the robot 10 contains the control 
substrate 111 and the power substrate 112 for drive-controlling 
the motor unit 90 in each of the motors M-1 through M-14, all 
motors M-1 through M-14 can be connected to each of the sub- 
control units 73A through 73D through a total of 7 cables as shown 
in Fig. 8, thereby reducing the number of wires connected to the 
entire robot. 

Furthermore, since the robot 10 has the configuration shown 
in Fig. 9 in which the motor unit 90 and the torque amplification 
unit 91 are stored as compactly incorporated as each of the motors 
M-1 through M-14, the configuration of each joint mechanism (the 
waist joint mechanism 22, the neck joint mechanism 2 6, the 
shoulder joint mechanism 29, the elbow joint mechanism 32, the 



-41- 



thigh joint mechanism 36, the knee joint mechanism 41, and the 
ankle joint mechanism 43) can be simpler than the configuration in 
which the motor unit 90 and the torque amplification unit 91 are 
mounted independent of each other, thereby realizing a small joint 
mechanism (and the robot 10) . 

With the above described configuration, the two-leg walking 
robot 10 can follow even the unleveled ground having tilt and 
convexity/concavity by controlling the rotation of the motors M-13 
and M-14 such that the external force torque Tg applied to the 
output axis 106 of each of the motors M-13 and M-14 of the ankle 
joint mechanism 43 of each of the leg units 14A and 14B can be 
constantly '0' in the walking operation, thereby realizing a walk 
with good balance. Thus, various sensors used in the conventional 
unleveled ground walking control can be omitted, thereby realizing 
a robot having a simple configuration. 

In addition, since the robot 10 contains the control 
substrate 111 and the power substrate 112 for drive-controlling 
the motor unit 90 in the motors M-1 through M-14, thereby reducing 
the number of wires in the entire robot and realizing a robot 
having a simpler configuration. 
(5) Other Embodiments 

According to the above described embodiments, the present 
invention is applied to a two-leg walking robot 10. However, the 
present invention is not limited to this application, but can be 
widely applied to various robots. In this case, the invention 
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relating to the control of a joint mechanism can be widely applied 
to a four-leg walking robot and other robots with the number of 
legs other than two or four. In addition, the invention including 
a motor control unit as a drive unit for each of the joint 
mechanism in a motor unit can also be widely applied to various 
robots other than walking robots. 

In the above described embodiments, the invention relating to 
the control of a joint mechanism is applied to the ankle joint 
mechanism 43 connecting the lower leg unit as the first link 
(first component) of the leg units 14A and 14B to the foot unit 44 
as the second link {second component) . However, the present 
invention is not limited to this application, but can be widely 
applied to various units other than the ankle joint mechanism 43, 
for example, to a wrist joint, etc. 

Furthermore, in the above described embodiments, the electric 
current sensor 71 is made of the coil mounted as shown in Fig. 18 
as an electric current detection unit for detecting the drive 
currents I^, 1^, and I„ (shown in Fig. 18) of the motors M-1 
through M-14. However, the present invention is not limited to 
this application, but can be widely applied to various 
configurations depending on the configuration of the applicable 
actuator . 

In addition, according to the above described embodiments, 
the function of an external torque detection unit for detecting 
the external torque (external force torque Tf) applied to the 
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output axis 106 of the motors M-13 and M-14 based on the drive 
currents 1^, 1^/ and I„ (Fig. 18) of the motors M-13 and M-14 
detected by the electric current sensor 71 (Fig. 18) is assigned 
to the sub-control unit 73D of each of the leg units 14A and 14B. 
However, the present invention is not limited to this application, 
but the function can be assigned to the arithmetic operations 
block 128 (Fig. 19) in the motors M-13 and M-14. 

Furthermore, according to the above described embodiment, the 
control substrate 111 and the power substrate 122 are configured 
as shown in Figs. 17 through 21 as motor control units for drive- 
controlling the motor unit 90 of each of the motors M-1 through M- 
14 configured as shown in Fig. 9. However, the present invention 
is not limited to this application, but various configurations can 
be widely applied. 

Industrial Applicability 

The present invention can be applied to a two-leg walking 
robot or other walking robots. 
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Claims 



1. A joint mechanism control apparatus having an actuator for 
generating a rotation torque whose level depends on a drive 
current, connecting a first link to a second link as freely 
rotating on an predetermined axis, and rotating the first link on 
the predetermined axis based on the rotation torque output from 
the actuator through an output axis of the actuator, characterized 
by comprising: 

electric current detection means for detecting an electric 
current value of the drive current of the actuator; and 

external force torque detection means for detecting a level 
of a torque by an external force applied to the output axis of the 
actuator based on the electric current value detected by said 
electric current detection means. 

2. The joint mechanism control apparatus according to Claim 1, 
characterized by further comprising: 

control means for controlling the actuator based on a 
detection result from said external force torque detection unit 
such that the external force applied to the output axis of the 
actuator can be removed. 

3. The joint mechanism control apparatus according to Claim 1, 
characterized in that: 
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said actuator comprises: 

a motor unit generating the rotation torque depending on a 
supplied drive current; 

a torque amplification unit amplifying the rotation torque 
generated by said motor unit, and transmits the torque to said 
output axis; and 

motor control means for controlling said motor unit by 
supplying said motor unit with the drive current at a level 
according to externally provided control information, and 

said motor control unit is provided in said motor unit. 

4. A joint mechanism control method having an actuator for 
generating a rotation torque whose level depends on a drive 
current, connecting a first link to a second link as freely 
rotating on an predetermined axis, and rotating the first link on 
the predetermined axis based on the rotation torque output from 
the actuator through an output axis of the actuator, characterize( 
by comprising: 

a first step of detecting an electric current value of the 
drive current of the actuator; and 

a second step of detecting a level of torque by an external 
force applied to the output axis of the actuator based on the 
detected electric current value. 
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5. The joint mechanism control method according to Claim 4, 
characterized by further comprising: 

a third step of controlling the actuator such that the torque 
by the external force applied to the output axis of the actuator 
can be removed based on a detected result obtained in said second 
step . 

6. A robot device including a joint mechanism having an actuator 
for generating a rotation torque whose level depends on a drive 
current, connecting a first component to a second component as 
freely rotating on a predetermined axis, and rotating the first 
component on the predetermined axis based on the rotation torque 
output from the actuator through an output axis of the actuator, 
characterized by comprising: 

electric current detection means for detecting an electric 
current value of the drive current of the actuator; and 

external force torque detection means for detecting a level 
of a torque by an external force applied to the output axis of the 
actuator based on the electric current value detected by said 
electric current detection means. 

7. The robot device according to Claim 6, characterized by 
further comprising: 

control means for controlling said actuator such that the 
torque by the external force applied to the output axis of the 
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actuator can be removed based on a detected result obtained in 
said external force torque detection means. 

8. The robot device according to Claim 6, characterized in 
that : 

said actuator comprises: 

a motor unit generating the rotation torque depending on a 
supplied drive current; 

a torque amplification unit amplifying the rotation torque 
generated by said motor unit, and transmits the torque to said 
output axis; and 

motor control means for controlling said motor unit by 
supplying said motor unit with the drive current at a level 
according to externally provided control information, and 

said motor control means is provided in said motor unit. 

9. A robot device control method having a joint mechanism 
including an actuator for generating a rotation torque whose leve: 
depends on a drive current, connecting a first component to a 
second component as freely rotating on an predetermined axis, and 
rotating the first component on the predetermined axis based on 
the rotation torque output from the actuator through an output 
axis of the actuator, comprising: 

a first step of detecting an electric current value of the 
drive current of the actuator; and 
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a second step of detecting a level of a torque by an external 
force applied to the output axis of the actuator based on the 
detected electric current value. 

10. The robot device control method according to Claim 10, 
characterized in that: 

a third step of controlling the actuator such that the torque 
by the external force applied to the output axis of the actuator 
can be removed based on a detected result obtained in said second 
step. 

11. A robot device having a pair of leg units in each of which a 
lower leg unit is connected to a thigh unit through a knee joint 
mechanism, and a foot unit is connected to the lower leg unit 
through an ankle joint mechanism, said foot units of said leg 
units are alternately touch a walking path such that a walking 
operation can be performed with the leg units are driven in a 
predetermined pattern, characterized by comprising: 

an actuator, provided in said ankle joint mechanism, 
generating a rotation torque whose level depends on a drive 
current for rotation-driving said foot unit on a predetermined 
axis ; 

electric current detection means for detecting an electric 
current value of the drive current of the actuator; and 
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external force torque detection means for detecting a level 
of a torque by an external force applied to the output axis of the 
actuator based on the electric current value detected by said 
electric current detection means; and 

control means for controlling the actuator based on a 
detection result from said external force torque detection unit 
such that the external force applied to the output axis of the 
actuator can be removed. 

12. The robot device according to Claim 11, characterized in 
that: 

said actuator comprises: 

a motor unit generating the rotation torque depending on a 
supplied drive current; 

a torque amplification unit amplifying the rotation torque 
generated by said motor unit, and transmits the torque to said 
output axis; and 

motor control means for controlling said motor unit by 
supplying said motor unit with the drive current at a level 
according to externally provided control information, and 

said motor control means is provided in said motor unit. 

13. A method of controlling a robot device having a pair of leg 
units in each of which a lower leg unit is connected to a thigh 
unit through a knee joint mechanism, and a foot unit is connected 



to the lower leg unit through an ankle joint mechanism, said foot 
units of said leg units are alternately touch a walking path such 
that a walking operation can be performed with the leg units are 
driven in a predetermined pattern, characterized by comprising: 

a first step of detecting an electric current value of the 
drive current provided for an actuator, provided in said ankle 
joint mechanism, generating a rotation torque whose level depends 
on a drive current for rotation-driving said foot unit on a 
predetermined axis; 

a second step of detecting a level of a torque by an external 
force applied to the output axis of the actuator based on the 
detected electric current value; and 

a third step of controlling the actuator, based on a 
detection result obtained in said second step, such that the 
external force applied to the output axis of the actuator can be 
removed . 

14. A joint device in which a first link is connected to a second 
link as freely rotating on a predetermined axis, comprising 

an actuator generating rotation torque for rotation-driving 
said first link on said predetermined axis, characterized in that 
said actuator comprises: 

a motor unit generating the rotation torque; and 
motor control means for controlling the drive of said motor 
unit; and 
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said motor control means is provided in said motor unit. 



15. The joint device according to Claim 14, further comprising: 
torque amplification means for amplifying the rotation torque 

output from said motor unit, characterized in that 

said motor unit and said torque amplification means are 
incorporated into one unit. 

16. A robot device having a joint mechanism in which a first 
component is connected to a second component as freely rotating on 
a predetermined axis, comprising: 

an actuator generating a rotation torque for rotation-drive 
said first component on the predetermined axis, wherein 
said actuator comprises: 

a motor unit generating the rotation torque; and 

motor control means for controlling the drive of said motor 
unit characterized in that 

said'motor control means is provided in said motor unit, 

17. The robot device according to Claim 16, further comprising 
a torque amplification means for amplifying the rotation 

torque output from said motor unit, characterized in that 

said motor unit and said torque amplification means are 
incorporated into one unit. 
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ABSTRACT 



A joint mechanism control device and method, and a robot 
device and its control method include: electric current detection 
means for detecting an electric current value of the drive current 
applied to an actuator for driving a joint mechanism; and external 
force torque detection means for detecting the level of the torque 
by an external force applied to the output axis of the actuator 
based on the electric current value detected by the electric 
current detection means. In addition, a joint device and the 
robot device include: motor unit for generating the rotation 
torque for the actuator; and motor control means, provided in the 
motor unit, for controlling the drive of the motor unit. 
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Explanation of Reference Numerals 



10... robot, 11... belly unit, 12... head unit, 13A, 13B.,.arm units, 
14A, 14B.,.leg units, 43... ankle joint mechanism, 44... foot unit, 
70... main control unit, 73A through 73D ... sub-control units, 
106... output axis. 111 ... control substrate, 112... power substrate, 
148... CPU, M-1 through M-14 .. .motors, and RTl . . . unleveled ground 
walking -controlling procedure. 



22/22 



BY EXPRESS MAIL NO. EL387334904US 
U.S. Appln. No. 09/646,849 
TNAB-T0158 



Declaration and Power of Attorney For Patent Application 


Japanese Language Declaration 




As a below named inventor, 1 hereby declare that: 




My residence, post office address and citizenship are as 
stated next to my name. 




1 believe f am the original, first and sole Inventor (if only one 
named is listed below) or an original, first and joint inventor (if 
plural names are listed below) of the subject matter which is 
claimed and for which a patent is sought on the invention 
entitled. 

APPARATUS AND METHOD FOR JOINT MECHANISM, 
JOINT APPARATUS, AND ROBOT DEVICE AND CONTRO 
METHOD THEREOF 









the specification of which is attached hereto unless the 
following box is checked: 

i X 1 was filed on February 10, 2000 as United States 
Application Number or PCT International Application 
Number PCT/JPOO/00754 and was amended on 
(if applicable). 




1 hereby state that 1 have reviewed and understand the 
contents of the above identified specification, including the 
claims, as amended by any amendment referred to above. 


Stt. a»afliJfel^!R 3 7 am 1 ^ft 5 6 ^CJH^^SixS i: 


1 acknowledge the duty to disclose information which is 
material to patentability as defined in Title 37, Code of 
Federal Regulations, Section 1 .56. 


^a&A«3 Sai 1 9^(a)-(d)^3:i^3 6 5^ 
SUTVv5«l^tt:^*tt 3 6 5 {a)«tX-f <B^taH. X 


1 hereby claim foreign priority under Title 35, United States 
Code, Section 119(a)-(d) or 365(b) of any foreign 
application(s) for patent or inventor's certificate, or 365(a) of 
any PCT International application which designated at least 
one country other than the United States, listed below and 
have also identified below, by checking the box, any foreign 
application for patent or inventor's certificate, or PCT 
International application having a filing date before that of the 
application on which priority is claimed. 


Prior Foreign Application(s) 

P1 1-033385 Japan 
(Number) (Country) 


Priority Not Claimed 

10 February 1999 
(Day/MonthA'ear Filed) 



Page 1 of 4 



Revision of PTO/SB/106 (8-96) 



Japanese Language Declaration 



8 September 1999 



(Number) 
(#^) 



(Country) 



(Day/MonthTYear Filed) 



(Application No.) 



I hereby claim the benefit under Title 35, United States Code, 
Section 119(e) of any United States provisional application(s) 
listed below. 



(Application No.) 



(Filing Date) 

[mm) 



I hereby claim the benefit under Title 35, United States Code, 
Section 120 of any United States application(s), or 365(c) of 
any PCT International application designating the United 
States, listed below and, insofar as the subject matter of 
each of the claims of this application is not disclosed in the 
prior United States or PCT International application in the 
manner provided by the first paragraph of Title 35, United 
States Code, Section 112, I acknowledge the duty to disclose 
information which is material to patentability as defined in 
Title 37, Code of Federal Regulations, Section 1.56 which 
became available between the filing date of the prior 
application and the national or PCT International filing date of 
application. 



(Application No.) 



(Application No.) 



(Filing Date) 



(Filing Date) 



(Status: Patented, Pending, Abandoned) 



(Status: Patented, Pending, Abandoned) 



I hereby declare that all statements made herein of my own 
knowledge are true and that all statements made on 
information and belief are believed to be true; and further that 
these statements were made with the knowledge that willful 
false statements and the like so made are punishable by fine 
or imprisonment, or both, under Section 1001 of Title 18 of 
the United States Code and that such willful false statements 
may be jeopardize the validity of the application or any patent 
issued thereon. 



Page 2 of 4 



Revision of PTO/SB/1 06 (8-96) 



Japanese Language Declaration 



POWER OF ATTORNEY: As a named inventor, I hereby 
appoint the following attorney(s) and/or agent(s) to prosecute 
this application and transact all business in the Patent and 
Trademark office connected therewith {list name and 
registration number) 



Karl A Limbach 
George C. Limbach 
John K. Uilksma 
Neil A. Smith 
Veronica C. Devitt 
Ronald L. Yin 
Gerald T. Sekimura 
Michael A. StaDman 
Philip A. Girard 
> Michael J Pollock 
) Steven M Everett 



A. Equitz 
-Charles P Sammut 
Mark C Pickenng 
Patricia Coleman James 
Kathleen A Frost 
Alan A Limbach 
Douglas C. Limbach 
Seong-Kun Oh* 
Cameron A. King 
Kyla L. Harrlel 
Mayumi Maeda 



28,901 . 
' 36,239" 
— 577TS5 
— 37-:32S~, 
39,749 
35,249 



Michael R. Ward 
Roger S Sampson 
Charles L. Hamilton 
Andrew V Smith 
Eric K Hoover 
Frank J Mycroft 
Parisa Jorjani 
Robert M McConnell 
J. Thomas McCarthy 
Joel G Ackerman 
Susan M Schmitt 
Edward B. Weller 



Send Correspondence to: 

Charles P,^ Sammut, Esq. 

Unci baGlv-&4jmbacJiJ-^ 

2ftOXEewy-^4jjlding 

San Francisco, CA 94111-4262 



Direct Telephone Calls to: (name arid telephone 
number) 

Charles P. Sammut 
(415) 433-4150 



Full name of sole or first inventor: 
TATSUZO ISHIDA 



\ 



Inventor's signature 



Date 



Residence 
Jokyo, J apan 



mn 



Citizenship 
Japan 



Post Office Address 

c/o SONY CORPORATION 
7-35, Kitashinagawa 6-chome 
Shinagawa-ku, Tokyo, 141-0001 JAPAN 



Page 3 of 4 



Revision of PTO/SB/106 (8-96) 



Japanese Language Declaration 



Full name of second joint inventor, if any 
YUlCHI HATTORI 



Second inventor's signature Date 



n i 0 



jsidence 

^^Chjba, Japan \ 



mn 



Citizenship 
Japan 



Post Office Address 

c/o SONY CORPORATION 
7-35, Kitashinagawa 6-chome 
Shinagawa-ku, Tokyo, 141-0001 JAPAN 



Full name of third joint inventor, if any 
YOSHIHIRO KUROKI 



Third inventor's signature - 

^^^^^^^^^^ 



mm 



;esiaence - ^ 

J<aiiaQa)i«ar Japan ,JSf\/ 



mm 



Citizenship 
Japan 



Post Office Address 

c/o SONY CORPORATION 
7-35, Kitashinagawa 6-chome 
Shinagawa-ku, Tokyo, 141-0001 JAPAN 



Page 4 of 4 



